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Recently, a measurement of the pressure distribution experienced by the quarks inside the proton
has found a strong repulsive (positive) pressure at distances up to 0.6 femtometers from its center
and a (negative) confining pressure at larger distances. In this paper we show that this measurement
puts significant constraints on modified theories of gravity in which the strength of the gravitational
interaction on microscopic scales is enhanced with respect to general relativity. We consider the
particular case of Eddington-inspired Born-Infeld gravity, showing that strong limits on κ, the only
additional parameter of the theory with respect to general relativity, may be derived from the quark
pressure measurement (|κ| ∼
< 10−1 m5 kg−1 s−2). Furthermore, we show how these limits may be
significantly improved with precise measurements of the first and second moments of the pressure
distribution inside the proton.
I. INTRODUCTION
Achieving a detailed understanding of the precise na-
ture of quark confinement is one of the main goals of
modern particle physics (see [1] for a recent review). In
a recent work [2] the pressure distribution experienced
by the quarks inside the proton has been measured using
deeply virtual Compton scattering [3, 4]. The experi-
mental data [5], obtained at an electron beam energy of
6GeV, provided evidence of a strong repulsive (positive)
pressure at distances up to 0.6 femtometers from the cen-
ter of the proton and a (negative) confining pressure at
larger distances. This confining pressure is responsible
not only for the stability of the proton, but also of most of
the elements of the periodic table (which account for the
almost entire baryonic content the Universe). The quark
pressure measurement also revealed an average pressure
near the center of the proton of about 1035Pa, which is
larger than the estimated pressure at the heart of neu-
tron stars [6]. Moreover, a significant improvement in the
precision of the results is expected with new experiments
at 12GeV performed at Jefferson Lab [7].
In the present paper we address the question of
whether these experiments can provide interesting con-
straints on the properties of gravity on femtometer and
sub-femtometer scales. In order to play a relevant role
inside the proton the gravitational field strength on such
scales would have to be larger, by many orders of magni-
tude, than the general relativity prediction. This is not a
problem on itself, since viable modified theories of grav-
ity in which the gravitational interaction on microscopic
scales can be enhanced with respect to general relativity
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have been proposed (see [8, 9] for recent reviews).
In this paper we shall focus on Eddington-inspired
Born-Infeld (EiBI) gravity [10] (see also [11–14]) a for-
mulation of gravity inspired by Born-Infeld non-linear
electrodynamics [15] and its solution to the problem of
the divergent self-energy of point charges— EiBI grav-
ity is a particular example of a wide class of Ricci-based
metric-affine theories of gravity [9, 16]. Although EIBI
gravity is equivalent to Einstein’s general relativity in
vacuum, inside matter the strength of the gravitational
field can be much larger than in general relativity. This is
due to an effective gravitational pressure [17, 18], which
could potentially be responsible for the avoidance of some
astrophysical and cosmological singularities that would
be predicted to exist in the context of general relativity
[10, 19–21]. In EiBI gravity strong deviations from gen-
eral relativity may arise at the extremely high densities
attained in the early universe [10, 19, 22], in the interior
of compact astrophysical objects such as black holes [23–
28] and neutron stars [29–31], or even inside subatomic
particles such as the proton [32].
The outline of this paper is as follows. In Sec. II we
start by considering the role of the pressure inside sta-
ble compact objects in the Newtonian limit of general
relativity. There, we provide an estimate of the average
pressure as a function of the gravitational potential at the
surface of compact spherical symmetric objects in hydro-
static equilibrium, discussing the particular case of the
proton. In Sec. III we briefly describe the EiBI theory
of gravity, giving particular relevance to the concept of
effective gravitational pressure which emerges naturally
in this theory. In Sec. IV we study the constraints on
modified theories of gravity that may be obtained from
the recent measurement of the pressure distribution in-
side the proton, paying special attention to the case of
EiBI gravity. We also discuss the improvement of the
2constraints which will result from precise measurements
of the first and second moments of the pressure distribu-
tion inside the proton. We then conclude in Sec. V.
In this paper we adopt a metric signature (−,+,+,+).
The Einstein summation convention will be used when a
greek or a latin index variable appears twice in a single
term, once in an upper (superscript) and once in a lower
(subscript) position. Greek indices and the latin indices i
and j take the values 0, ..., 3 and 1, ..., 3, respectively. We
will use angle brackets to denote averages. Except when
stated otherwise, we shall use units with c = 8πG = 1.
II. AVERAGE PRESSURE INSIDE COMPACT
OBJECTS IN GENERAL RELATIVITY
The average pressure 〈p〉 inside stable compact objects
with a negligible self-induced gravitational field is equal
to zero. This condition, also known as the von Laue
condition, is discussed in depth in [1] — see also [33, 34]
for a detailed derivation of the von Laue condition for
generic matter fluids and of its relation to the form of
the Lagrangian of a fluid composed of solitonic particles.
In the case of a spherically symmetric object of radius r∗
and mass M∗, the vanishing average pressure condition
may be written as
〈p〉 =
∫ r∗
0
p(r)r2dr∫ r∗
0
r2dr
= 0 , (1)
where r is the radial coordinate and p ≡ T ii/3 is the
proper isotropic pressure.
Let us now consider a case in which the self-induced
gravitational field cannot be neglected. In the Newtonian
limit of general relativity, a non-relativistic spherically
symmetric compact object made of a perfect fluid in hy-
drostatic equilibrium (e.g. a star) satisfies the equation
p′(r) ≡
dp
dr
= −
M(r)ρ(r)
8πr2
, (2)
with p = ρ = 0 for r ≥ r∗ and
M(r) = 4π
∫ r
0
ρ(r˜)r˜2dr˜ . (3)
Taking into account that
〈p〉 =
∫ r∗
0
p(r)r2dr∫ r∗
0
r2dr
= −
∫ r∗
0
p′(r)r3dr
3
∫ r∗
0
r2dr
, (4)
and assuming, for the sake of definiteness, that ρ(r) =
〈ρ〉 = 3M∗/(4πr
3
∗), the average pressure 〈p〉 inside a com-
pact object may be estimated as
〈p〉 ∼
3
160π2
M2∗
r4∗
. (5)
Equation (5) may also be written as
〈p〉
〈ρ〉
∼
M∗
40πr∗
=
|φ∗|
5
, (6)
where
φ∗ = −
M∗
8πr∗
(7)
is the Newtonian gravitational potential at the surface of
the object. |φ∗| can vary by many orders of magnitude
when one considers objects with various masses and sizes.
For example,
|φ⊙| ∼ 2× 10
−6 , |φpr| ∼ 10
−39 , (8)
where⊙, and pr represent the sun and the proton, respec-
tively. Here, we have taken the following values, in units
of the International System, for the masses and radius
of these objects: m⊙ = 2.0× 10
30 kg, r⊙ = 7.0× 10
8m,
mpr = 1.7× 10
−27 kg, and rpr ∼ 10
−15m.
In general relativity the condition 〈p〉/〈ρ〉 = 0 is ap-
proximately verified, both for the sun and the proton,
but specially in the later case. This is to be expected
since in general relativity the gravitational field inside
the proton is extremely weak so that the spacetime is es-
sentially Minkowskian. Nevertheless, as it will be shown
in Sec. III, there are viable modified theories of gravity
in which the intensity of the gravitational field can be
enhanced by many orders of magnitude on microscopic
scales with respect to general relativity. These theories
may therefore be probed more effectively through exper-
iments which are sensitive to interactions on such small
scales.
III. EFFECTIVE GRAVITATIONAL PRESSURE
IN EIBI GRAVITY
In this section we shall briefly describe the main fea-
tures of EiBI gravity, giving particular relevance to the
concept of effective gravitational pressure.
The EiBI theory of gravity is described by the action
S =
2
κ
∫
d4x
[√
|det(gµν + κRµν)| − λ
√
|g|
]
+SM , (9)
and it is based on the Palatini formulation which treats
the metric and the connection as independent fields.
Here, gµν are the components of the physical metric,
g ≡ det(gµν) is the determinant of gµν , Rµν is the sym-
metric Ricci tensor build from the connection Γ, SM is
the standard action associated with the matter fields, and
κ is the only additional parameter of the theory with re-
spect to general relativity. Without loss of generality we
set λ = 1 (the changes associated with a different value
of λ can be incorporated into the energy-momentum ten-
sor).
3The equations of motion,
qµν = gµν + κRµν , (10)√
|q|qµν =
√
|g|gµν − κ
√
|g|T µν , (11)
may be derived by varying the action with respect to the
connection and the physical metric. Here, T µν are the
components of the energy-momentum tensor, qµν is an
auxiliary (apparent) metric related to the original con-
nection by
Γγµν =
1
2
qγζ(qζµ,ν + qζν,µ − qµν,ζ) , (12)
qµν is the inverse of qµν , q = det(qµν), and a comma
represents a partial derivative.
Combining Eqs. (10) and (11) one obtains the second-
order field equations
Gµν ≡ R
µ
ν −
1
2
Rδµν = T
µ
ν , (13)
with
Rµν ≡ q
µζRζν = Θ
µ
ν , (14)
T µν ≡ Θ
µ
ν −
1
2
Θδµν , (15)
Θµν ≡
1
κ
(1− τ) δµν + τT
µ
ν , (16)
Θ ≡ Θµµ (17)
τ ≡
√
g
q
= [det(δµν − κT
µ
ν)]
− 1
2 . (18)
Here, Gµν are the components of the apparent Einstein
tensor (analogous to the physical Einstein tensor of gen-
eral relativity, with the physical metric replaced by the
apparent metric), T µν are the components of the appar-
ent energy-momentum tensor, and δµν is the kronecker
delta.
The components of the energy-momentum tensor of a
perfect fluid are given by
T µν = (ρ+ p)u
µuν + pδ
µ
ν , (19)
where ρ and p are the proper physical energy density and
pressure, respectively, and uµ are the components of the
4-velocity of the fluid (uµuνgµν = −1). If the source of
the gravitational field is a perfect fluid then τ is given by
τ =
[
(1 + κρ)(1 − κp)3
]− 1
2 (20)
In [18] it has been shown that it is possible to write the
apparent energy-momentum tensor in a perfect fluid form
T µν = (ρq + pq)v
µvν + pqδ
µ
ν , (21)
where vµ are the components of the apparent 4-velocity
of the fluid (satisfying vµvνqµν = −1), and the proper
apparent pressure and energy density are given, respec-
tively, by
pq = τp+ P , (22)
ρq = τρ− P , (23)
with
P =
1
κ
(τ − 1)−
1
2
τ (3p− ρ) . (24)
Hence, the apparent pressure is just the sum of the phys-
ical pressure with an additional effective gravitational
pressure contribution pG defined by
pG = pq − p . (25)
Expanding (22) up to first order in κρ and κp, using also
Eqs. (20) and Eq. (24), one obtains that
pG = pq − p = κp
2 +
κ
8
(ρ+ p)
2
, (26)
where pG is always positive for κ > 0 and always negative
for κ < 0.
A. Newtonian limit of EiBI gravity
Consider a time independent metric in the Newtonian
gauge described by the line element
ds2 = −(1 + 2Φ)dt2 + (1− 2Ψ)δµνdx
µdxν . (27)
In the Newtonian limit of EiBI gravity the equation of
motion for the gravitational field is the usual Poisson
equation with an extra source term [10]:
∇2Φ =
ρ
2
+
κ
4
∇2ρ , (28)
Note that Φ = Ψ and p ≪ ρ in the Newtonian limit.
Equation (28) may be cast in the usual form,
∇2φ =
ρ
2
, (29)
by defining the apparent gravitational potential as
φ ≡ Φ− κ
ρ
4
. (30)
The gravitational acceleration is given by
~a = −∇Φ = −∇φ−
κ
4
∇ρ = −∇φ−
1
ρ
∇pG . (31)
The second term on the right hand side of Eq. (28) may
now be interpreted as the source of an acceleration as-
sociated to the effective gravitational pressure contribu-
tion pG which, in the Newtonian limit, is just given by
pG = κρ
2/8. This term may be responsible, if κ 6= 0,
for a strong gravitational acceleration field associated to
small scale variations of the density field (see [17] for a
complementary description in terms of a constant effec-
tive Jeans length).
4IV. SUB-FEMTOMETER CONSTRAINTS ON
GRAVITY
In this section we shall investigate the constraints on
modified theories of gravity which can be derived from
measurements of the proton interior pressure profile, pay-
ing special attention to the case of EiBI gravity. We shall
consider, in particular, the quark pressure measurement
reported in [2], and discuss the improvements which will
result from more precise measurements of the pressure
distribution inside the proton. The discussion in Sec. II
implies that, in general relativity, the gravitational po-
tential inside the proton is tiny, and may, therefore, be
neglected. On the other hand, in Sec. III it was shown
that EiBI gravity essentially reduces to general relativ-
ity with an apparent metric field sourced by an apparent
energy-momentum tensor — the proper apparent energy
density and pressure being of the same order or smaller
than the proper physical energy density, except if τ de-
viates significantly from unity. Hence, the apparent met-
ric inside the proton in EiBI gravity is essentially the
Minkowski metric and the von-Laue condition given in
Eq. (1) holds if the physical pressure p is replaced by the
total pressure
pT = p+ pG . (32)
Therefore,
〈pT 〉 = 0 , (33)
and the condition
|〈p〉| = |〈pG〉| , (34)
is always an excellent approximation. Hence, a constraint
on the magnitude of the average pressure p inside the
proton also represents a constrain on the magnitude of
the average effective gravitational pressure pG.
Let us now consider the particular case of EiBI gravity.
In combination with the dominant energy condition [35]
(which implies that ρ ≥ |p|), Eq. (18) shows that the
constraint |κ| < |p|−1 must be always satisfied in order
that τ remains finite. Hence, the measurement of an
average peak pressure around 1035 Pa, near the center of
the proton, may be translated into the following upper
limit on |κ|
|κ| ∼< c
4|ppeak|
−1 ∼ 10−1m5 kg−1 s−2 . (35)
This limit is roughly one order of magnitude stronger
than that obtained from the predicted core density of
neutron stars [29] (note that we explicitly included the
factor of c4 in Eq. (35) before evaluating the upper bound
on |κ| in units of the International System).
We will now show that the limit given in Eq. (35) may
be significantly improved with precise measurements of
the first and second moments of the pressure distribution
inside the proton (〈p〉 and 〈p2〉, respectively). Using Eqs.
(15) to (18), it is possible to show that the apparent
pressure is equal to
pq =
T ii
3
=
1
κ
(τ − 1) + τ
(
T ii
3
−
T µµ
2
)
=
1
κ
(τ − 1) + τ
ρ− p
2
, (36)
where p ≡ T ii/3 and T
µ
µ = −ρ+3p, for any fluid at rest
(not necessarily perfect).
The energy-momentum tensor of the proton is not that
of a perfect fluid. If the proton were a spherically sym-
metric spin-0 particle, the non-zero components of the
energy-momentum tensor would be
T 00 = −ρ , T
r
r = pr(r) , T
θ
θ = T
φ
φ = p⊥(r) , (37)
in a static frame where the proton is at rest (here, [r, θ, φ]
are spherical coordinates). In this case, Eqs. (22) and
(24) would remain valid, but τ would now given by
τ =
[
(1 + κρ)(1− κpr)(1 − κp⊥)
2
]− 1
2 . (38)
Expanding Eq. (36) up to first order in κρ, κpr and κp⊥,
using also Eqs. (37) and (38), one obtains that
pG = pq − p = κp
2 +
κ
8
(ρ+ p)
2
+
κ
6
(pr − p⊥)
2
, (39)
where p = (pr + 2 p⊥)/3, and pG is always positive for
κ > 0 and always negative for κ < 0. Therefore,
|pG| ≥ |κ|p
2 . (40)
Using Eqs. (18) and (36) it is possible to show that Eq.
(40) holds (up to first order in κT µν) even in the presence
of off-diagonal contributions to the energy-momentum
tensor, such as those associated to the spin of the proton
— these off-diagonal contributions would only add new
terms of the form κ(T µν)
2/2, with µ 6= ν, to Eq. (39).
Equations (39) and (40) also imply that
|〈pG〉| = |〈p〉| ≥ |κ|〈p
2〉 , (41)
or, equivalently, that
|κ| ≤
|〈p〉|
〈p2〉
=
ξ√
〈p2〉
, (42)
where the dimensionless parameter
ξ ≡
〈p〉√
〈p2〉
, (43)
represents a quantitative measure of the impact of gravity
on the interior structure of the proton.
Taking into account that 〈(p−〈p〉)2〉 = 〈p2〉−〈p〉2 ≥ 0,
the condition
ξ ≡ 〈p〉/
√
〈p2〉 ≤ 1 (44)
5is always verified. Hence, Eq. (42) implies that |κ| ≤
1/
√
〈p2〉. However, this is always a weaker constraint
than |κ| ≤ |ppeak|
−1 (given in Eq. (35)). Therefore,
in order to be able to take full advantage of Eq. (42),
both the first and the second moments of the pressure
distribution inside the proton need to be measured with
sufficient precision.
Here we have followed Ref. [2] and implicitly assumed
that the radial profile of the gluon pressure — the other
major contribution to the pressure inside the proton — is
similar to that of the protons. Future experiments, such
as the Electron Ion Collider [36] should be able to test this
assumption, making it possible to obtain more direct and
precise estimates of the total pressure distribution inside
the proton. In [2] the authors report that Eq. (1) is sat-
isfied within the uncertainties of the measurement of the
quark pressure distribution inside the proton. However,
present uncertainties on the radial quark pressure profile
are still large [2], not allowing for the use of the relation
provided in Eq. (42) to significantly improve upon the
constraint given in Eq. (35) (even assuming similar con-
tributions from quarks and gluons to the pressure inside
the proton). Nevertheless, more precise reconstructions
of the quark and gluon pressure distribution inside the
proton, which will be made possible in the future [7, 36],
are expected to yield useful constraints on ξ and, there-
fore, to lead to stronger limits on modified gravity theo-
ries (including tighter constraints on the EiBI parameter
κ).
In [16] an extremely stringent constraint on met-
ric affine gravity (including EiBI gravity as a particu-
lar model) was found by requiring consistency between
Bhabha scattering experimental results and the corre-
sponding classical scattering cross-sections computed at
tree level in EiBI gravity. These results should be taken
with some caution, since they do not account for loop
corrections. Also, note that the quantization of the
matter fields in the context of EiBI gravity is subtle
(in particular, since the physical metric may be signifi-
cantly distorted even if the apparent metric is essentially
Minkowskian).
Here, we have conservatively assumed that EiBI grav-
ity does not affect the determination of the physical pres-
sure distribution inside the proton using virtual Comp-
ton scattering. Therefore, the limits on EiBI gravity dis-
cussed in the present paper should be regarded as con-
servative bounds.
V. CONCLUSIONS
In this paper we have shown that the recent mea-
surement of the pressure distribution experienced by the
quarks inside the proton may be used to constrain modi-
fied theories of gravity in which the strength of the grav-
itational field on microscopic scales is enhanced with re-
spect to general relativity. We applied these results to
the particular case of EiBI gravity, showing that strong
limits on the single additional parameter of theory with
respect to general relativity κ may be derived from the
measurement of the interior pressure profile of the pro-
ton. We have also shown how these limits may be signif-
icantly improved with precise measurements of the first
and second moments of the pressure distribution inside
the proton.
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